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The recently reported quantum junction architecture represents a promising approach to building a rectifying photovoltaic device that employs colloidal quantum dot layers on each side of the p-n junction. Here, we report an optimized quantum junction solar cell that leverages an improved aluminum zinc oxide electrode for a stable contact to the n-side of the quantum junction and silver doping of the p-layer that greatly enhances the photocurrent by expanding the depletion region in the n-side of the device. These improvements result in greater stability and a power conversion efficiency of 6.1% under AM1.5 simulated solar illumination. [4] [5] [6] [7] In photovoltaics, CQD films are typically combined with a wide-bandgap bulk semiconductor which allows for the formation of a p-n junction. This limits the benefits of bandgap tuning in CQD films, since redesign of the bulk semiconductor is required to maintain performance due to band alignment. 8 The quantum junction (QJ) architecture 9 has obviated the need for bulk semiconductor materials, and has enabled an efficient implementation of a p-n junction where both sides of the junction were capable of being quantum-tuned. This has opened a path towards all-room temperature processing from solution of the entire junction, obviating the need for the high-temperature sintering steps required when working with many relevant metal-oxide electrodes.
The QJ presents an attractive approach to building junctions of varying quantum dot sizes and thus bandgaps. To fulfil its potential in single-junction devices, the materials and the architecture need to be optimized for a bandgap range centered at 1.3 eV. 10 We took the view that, through careful engineering of electrode materials, and by tuning the CQD properties, we could achieve greater power conversion efficiencies. Prior reports of QJ devices have relied on an indium tin oxide (ITO) transparent contact; an overlying, highly doped PbS CQD p-layer; a lightly doped, PbS CQD n-layer; the latter contacted using a final Al ohmic metal contact. 9 CQD films typically have low diffusion lengths, in the range from 10-100 nm. 11, 12 As a result, extending the depletion region as far as possible into a lightly doped n-layer is expected to enhance charge collection and thereby increase the photocurrent. This can be achieved if the doping in the p-layer can be considerably increased. With this goal in mind, we investigated related material systems in which dopants have been introduced during synthesis. Ag ions have been used in doping InAs CQDs. 13 The valency of Ag is suited to p-doping of PbS CQDs as well, providing one extra hole for each Pb atom that is replaced by Ag in the PbS lattice.
We therefore explored the addition of Ag during PbS CQDs synthesis. PbS CQDs of various sizes are fabricated following a modified published recipe. 14, 15 For Ag incorporation, the Ag precursor solution was prepared by dissolving 144 mg of AgCl in 10 ml of oleylamine (OLA). After the injection of bis(trimethylsilyl) sul-fide (TMS) for the synthesis of CQDs, the heating mantle was turned off to let the flask temperature decrease to $75 C. 1.5 ml of the Ag precursor and 3 ml of OLA were then injected and the flask temperature was maintained at 75 C for 30 min, after which it was allowed to cool to 36 C. The procedure results in CQDs having Ag impurities incorporated, as verified using x-ray photoelectron spectroscopy (XPS) (S1). 21 Doping densities were obtained using FET measurements, employing a SiO 2 /Si architecture with Au drain and source contacts, where a 40 nm film of CQDs treated with tetramethyl ammonium hydroxide in methanol formed the channel. The extracted doping densities (Figure 1(a) inset) confirmed that the doping in the p-layer had increased substantially as a result of the Ag incorporation. The Ag doping approach resulted in doping densities approaching 10 19 cm
À3
found to be optimal for device performance. We then fabricated p-n devices using a layer-by-layer approach, 9 with a 300 nm n-layer processed in an inert environment with tetrabutylammonium iodide ligands in methanol (10 mg/ml) on a 50 nm air ambient processed p-layer, with tetramethyl ammonium hydroxide in methanol (10 mg/ml) as a)
Author to whom correspondence should be addressed. Electronic mail: ted.sargent@utoronto.ca. the ligand. A thin, highly doped p-layer, and a thicker, lightly doped n-layer ensure high absorption and depletion in the nlayer, excellent for charge generation and collection. External quantum efficiency (EQE) measurements revealed the benefit from increased doping in the p-layer as a result of Ag incorporation. The incident spectrum for EQE measurements was generated by passing the output of a 400 W Xe lamp through a monochromator and using appropriate order-sorting filters. The resultant monochromatic beam also passed through an optical chopper operating at 220 Hz coupled to the input of a lock-in amplifier. The EQE (Figure 1(a) ) was greatly enhanced across most of the visible spectrum, and markedly so at the infrared excitonic peak where absorption occurs deeper into the device compared to the case of visible-light absorption. The EQE showed a slight decrease at shorter wavelengths, consistent with a decrease in the depletion depth inside the front-side p-layer due to its increased doping.
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To explore further this picture of doping and its impact on depletion in the quantum junction, we constructed an optoelectronic model using previously established approaches. [16] [17] [18] The resulting EQE curves (Figure 1(b) ) demonstrated that, as the doping in the p-layer is increased, the EQE improves across most of the visible and infrared spectrum. Meanwhile, the EQE is reduced at high-energy wavelengths, a fact attributable to the decrease in the depletion region on that side of the junction. The EQE curves further suggest that the overall improvement in EQE across the entire spectrum outweighs any reduction in EQE due to less depletion in the p-layer, also consistent with experimental results.
For a device to be attractive for photovoltaics, it would also need to have excellent long term stability and temperature resilience. The presently employed Al contact is known to react with halides 19 that are used during the fabrication of the n-type film. A highly doped n-type aluminum zinc oxide (AZO) layer could therefore potentially serve to enhance stability while improving current collection by blocking hole recombination (Figure 2(a) ). AZO is readily sputtered at room temperature, 20, 21 and a 30 nm contact was deposited at a rate of 0.4 Å /s by sputtering, followed by thermal evaporation of silver (200 nm thick) at a rate of 1.5 Å /s with base pressure of 1 Â 10 À7 mbar. Figure 2(b) shows the temporal stability of our AZO devices. These devices were encapsulated in a glovebox and tested in an air ambient environment. Encapsulation was done by sealing the device in an epoxy (NOA88, Norland Products Inc), and then curing with an 8 W UV lamp (UVLMS38, UVP Inc.) for 30 min. The devices retained performance for over 60 h under continuous 
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Liu et al. Appl. Phys. Lett. 101, 151112 (2012) illumination. The same devices also exhibited temperature stability to 90 C (Figure 2(c) ), highlighting the robustness of the AZO approach.
Current-voltage characteristics were measured using a Keithley 2400 source-meter in N 2 ambient. The solar spectrum at AM1.5 was simulated with a Xe lamp and filters (Solar Light Company Inc.) with measured intensity at 100 mW cm
À2
. Combining the silver doping and AZO contact optimizations, we were able to improve power conversion efficiency, principally by collecting more photocurrent. These advances resulted in devices exhibiting a PCE of 6.1%. Figure 3(a) , and fill factor (FF) of 50%; where most of the improvement is reflected in the J SC and FF compared with previous reports. 9 This is consistent with an enhanced depletion region and thus more efficient carrier collection, furthermore aided by hole blocking afforded by using an AZO contact. We constructed sixty QJ devices (Fig. 3(b) ) over the course of one month using different batches of PbS CQDs to test the reproducibility of fabrication approach. The average efficiency was 5.6% and the standard deviation was 0.2%. Such a high reproducibility compares favourably with performance variation in previously reported depleted heterojunction devices. 6 We have shown that by engineering the CQD material through doping and by appropriately choosing ohmic electrodes to our CQD films, we are able to collect more current and increase efficiency. Furthermore, the choice of the ohmic contact can have a drastic impact on device stability by limiting unwanted chemical reactions and forming a favourable energy alignment for further enhancement in charge collection. We achieve highly reproducible, high performance devices with excellent temperature and temporal stability. This work opens a path towards further optimization of related QJ devices by appropriately tuning the doping and choice of electrical contacts to guarantee efficient charge collection and high efficiency.
